The pattern of meningococcal surface structure expression in different microenvironments following bloodstream invasion in vivo is not known. We used immunohistochemistry to determine the expression of capsule, type IV pili, and PorA by meningococci residing in the skin lesions of children with purpura fulminans. All the skin biopsy samples showed evidence of thrombosis and, frequently, a perivascular inflammatory cell infiltrate consisting of neutrophils (elastase positive) and monocytes/macrophages (CD68 positive). Modified Gram staining revealed 20 to over 100 gram-negative diplococci in each 4-m-thick section, usually grouped into microcolonies. Immunoperoxidase staining demonstrated that the invading meningococci expressed PorA, capsule, and type IV pilin. Expression of these antigens was not restricted to any particular environment and was found in association with meningococci located in leukocytes, small blood vessels, and the dermal interstitium. Confocal laser scanning microscopy demonstrated coexpression of pilin and capsule by numerous microcolonies. However, there was some discordance in capsule and pilin expression within the microcolonies, suggesting phase variation. The strategy employed in this study will be helpful in investigating invasive bacterial diseases where antigenic and phase variation has a significant impact on virulence and on vaccine design.
Meningococcal infection, in the form of septicemia or meningitis, remains a significant cause of morbidity and mortality in industrialized countries and is associated with major epidemics in sub-Saharan Africa (8, 38, 42) . Severe meningococcal sepsis is characterized by marked inflammatory cell activation, disseminated intravascular coagulation, and vascular compromise (13, 43) . Purpura fulminans occurs frequently (in 10 to 20% of cases) and, in severe cases, results in thrombosis of large vessels with infarction of digits and limbs (19) . Despite the apparent virulence of the organism, Neisseria meningitidis commonly colonizes the nasopharynx, only rarely causing overt disease (1) . The meningococcus is exquisitely adapted to the process of nasopharyngeal adherence (30, 40, 56) and, following bloodstream invasion, has a striking ability to interact with vascular endothelium, polymorphonuclear neutrophils, and other inflammatory cells, enabling the organism to adapt to a variety of microenvironments (3, 9, 11, 12, 20, 26-28, 32, 33, 56, 59) . It has been proposed that these pathogen-host cell interactions occur through a multistep process of adherence and invasion, mediated by the binding of meningococcal ligands to host cell receptors normally utilized for host cell-to-host cell targeting (34, 60) . The meningococcus has developed a remarkable ability to alter surface-exposed molecules under a variety of selective environmental pressures (44) . A fuller understanding of the expression pattern of key bacterial surface molecules following bloodstream invasion is therefore vital to our understanding of meningococcal pathogenesis. Such data will also provide important insight into the availability of meningococcal antigens as vaccine antigens in vivo. The major meningococcal outer membrane protein PorA, for example, forms the basis of the serogroup B vaccines that have been most extensively investigated in human clinical trials (4, 36, 46, 53) . However, PorA expression can be varied by multiple mechanisms that could potentially limit vaccine efficacy (53) .
In recent years, in vitro models have significantly advanced our understanding of meningococcus-host cell interactions. Initial attachment of the meningococcus is thought to be mediated by type IV pili via the host cell receptor CD46, a complement regulatory protein (25, 29, 37, 55, 59) . Pili are ubiquitous in clinical isolates from patients with meningococcal sepsis and initiate the cytoskeletal rearrangements required for invasion. Prior to invasion, piliation is thought to be lost and secondary, tight association is conferred by a number of putative meningococcal adhesins, which include the Opa and Opc proteins, lipooligosaccharide, and the porins (34, 56, 58, 59, 61) . The host cell receptors for these bacterial adhesins have not been fully defined and appear to vary between cell types but include carcinoembryonic antigen cell adhesion molecules, the integrin ␣ v ␤ 3 , and heparan sulfate proteoglycans. This process of adhesion and subsequent close association occurs most efficiently when Opa is expressed by unencapsulated meningococci. However, the polysaccharide capsule is thought to confer resistance to nonspecific immune responses including complement activation and, in the case of serogroup B N. meningitidis, evasion of adaptive immune surveillance through similarities between capsule and NCAM-1 on neuronal tissue. Whether invasive meningococcal strains vary capsule expression to facilitate Opa-mediated host cell interactions remains to be determined.
The proposed paradigm of meningococcus-host cell interactions, particularly following bloodstream invasion, is limited by the fact that it has largely been based on observations made from laboratory models. For example, human umbilical vein endothelial cells are a widely accepted model of the postcapillary venule (16) , but such cell culture systems do not reflect the complex microenvironment occupied by the meningococcus during disease. There is no good animal model of meningococcal sepsis, and there is only a limited amount of data describing variations in meningococcal gene expression at different anatomic sites in the human host (35, 52, 62, 63) . Therefore, the pattern of meningococcal surface antigens expressed during interactions associated with the human microvasculature during disease is currently unknown.
In purpura fulminans, the typical skin rash is characterized by dermal microvascular thrombosis and perivascular hemorrhage (19) . Within these lesions, multiple meningococci have been reported to be associated with endothelial cells, leukocytes, and thrombi and in the extravasated material from the damaged vessels (23, 47) . In this study, we have investigated the hypothesis that, following bloodstream invasion, there is variation in the pattern of meningococcal surface antigen expression in different cellular microenvironments in vivo. We used a unique collection of skin biopsy samples from children with severe meningococcal disease to establish the expression pattern of capsule, PorA, and type IV pili by N. meningitidis in different locations within the skin. (Portions of this work were presented at the 12th International Pathogenic Neisseria Conference, Galveston, Texas, 2000.)
MATERIALS AND METHODS
Subjects and skin biopsies. Three-millimeter-diameter punch biopsy samples were collected from the edges of purpuric lesions from 83 consecutive patients with meningococcal sepsis (median age, 41 months [range, 1 to 185]; median Glasgow Meningococcal Prognostic Score, 11 of 15 [range 6 to 15]) (14, 51) . The collection of the biopsy samples and the research described complied with all relevant guidelines and institutional practices (St. Mary's Local Research Ethics Committee, EC 3396). Meningococcal disease was diagnosed by clinical criteria and confirmed by culture, antigen detection, and/or PCR (Public Health Laboratory Service Meningococcal Reference Unit, Manchester, United Kingdom). All biopsy samples were taken less than 24 h from the time the first dose of parenteral antibiotics was administered and immediately fixed in formol saline or collected in optimal cutting temperature medium and then snap-frozen in liquid nitrogen. For this study, 13 biopsies were selected at random: 5 formalin-fixed paraffin-embedded biopsy samples for which the characteristics of the infecting strain were also available (N. (54) . Immunoblotting was performed with whole-cell lysates of the meningococcal strains boiled in 4% sodium dodecyl sulfate-20% glycerol-10% 2-mercaptoethanol-0.04% bromphenol blue-0.125 M Tris-HCl for 5 min and then separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis with a 10% acrylamide running gel (24) . Antigens were transferred onto a nitrocellulose blotting membrane (Gelman Sciences, Longmont, Colo.) with a semidry blotter (GmbH; Biometra biomedizinische Analytik). The membranes were then blocked with 4% bovine serum albumin and stained with the primary antibodies. Specific antibody binding was detected with anti-mouse immunoglobulin horseradish peroxidase (Dako) and visualized with diaminobenzidine. For the infection studies, human Chang conjunctiva epithelial cells (clone 1-5c-4; European Collection of Cell Cultures) were grown to confluence in 75-cm 2 flasks (Nunclon, Roskilde, Denmark) (45) . These cells were then inoculated with suspensions of the invasive meningococcal strains (final concentration, 10 7 cells/ ml) and incubated overnight. After washing, the cells were detached with nonenzymatic cell dissociation solution (Sigma-Aldrich, Gillingham, United Kingdom). The cells were then divided into 1-ml aliquots and centrifuged at 11,000 ϫ g for 5 min. The supernatant was decanted, and 100 l of 10% molten agar in 10% formol saline was added to each aliquot. Next, this mixture was centrifuged for 15 s at 11,000 ϫ g and then left to set overnight at 4°C. The agar pellets were scooped out and paraffin embedded in a biopsy cassette (Shandon, Pittsburgh, Pa.). Four-micrometer-thick sections were cut and mounted onto electrostatically charged microscope slides (BDH, Lutterworth, United Kingdom) and then immunostained as described below.
Immunohistochemistry. Hematoxylin and eosin staining was undertaken to determine the pathological characteristics of each of the five formalin-fixed paraffin-embedded biopsy samples. Resident meningococci were identified in consecutive sections by modified Gram stain (6) , and their surface characteristics were determined by immunostaining (21) with mouse monoclonal antibodies against capsule (serogroups B and C), pilin (SM1), and PorA (the appropriate antibody based on the serotype of the infecting strain). Blood vessels, monocytes/ macrophages, and neutrophils were identified with CD31 (mouse anti-human monoclonal antibody JC/70A, isotype immunoglobulin G1 [IgG1]; Dako), CD68 (mouse anti-human monoclonal antibody EBM11, isotype IgG1; Dako), and neutrophil elastase (mouse anti-human monoclonal antibody NP57, isotype IgG1; Dako), respectively. Briefly, sections were incubated in 0.3% aqueous hydrogen peroxide to quench endogenous peroxidase activity and blocked with normal mouse or rabbit serum before incubation with the monoclonal antibodies for 1 h at room temperature. Labeling was detected with an immunoperoxidase kit (Vectastain Elite ABC kit; Vector Laboratories, Burlingame, Calif.), and sections were counterstained in hematoxylin. Antigen retrieval treatment of the sections was required for optimal staining with all of the meningococcal monoclonal antibodies and the anti-CD31 and -CD68 antibodies (21) . This consisted of either enzymatic digestion at 37°C with trypsin (1 mg/100 ml from porcine pancreas; ICN Biomedicals) for 20 min (antibodies to serogroup B, pilin, and PorA) or microwave antigen retrieval in citrate buffer (HDS05, pH 6.0; SD Supplies, Aylesbury, United Kingdom) diluted in 100% glycerol for the anticapsule serogroup C antibody. Antigen retrieval was required because formalin fixation causes aldehyde bonds to form between proteins, which, while preserving the biopsy sample, may also generate a netlike effect around the tissue, masking some of the antigen epitopes (21) . Proteinase digestion and heat treatment were employed to break these bonds and so revealed the antigens under study. Negative controls included the omission of the primary and secondary antibodies and staining of control skin sections. The relationship between meningococcal antigen expression and the location of the bacteria within the skin (i.e., in the interstitium, associated with blood vessels or leukocytes) was determined by semiquantitative analysis. For each biopsy sample, the resident meningococci were initially identified by Gram stain. Sections were then scored for N. meningitidis pilin, capsule, and PorA expression as follows: 1ϩ, 1 to 20 meningococci were seen; 2ϩ, 20 to 40 meningococci were seen; 3ϩ, 40 to 60 meningococci were seen; 4ϩ, over 60 meningococci were seen. Accuracy of section scoring was monitored by random double-blind assessment. The sections were re-reviewed blind and independently by two of us to ensure consistency and the accuracy of the interpretation. Photographs were taken with a Nikon Eclipse E400 microscope, a Nikon HIII photomicrograph, and a Nikon FDX-35 camera. Natural light was enhanced for photography with a color-balancing filter (NCB11; Nikon).
Confocal laser scanning microscopy. To further investigate the cellular distribution of the resident meningococci and perform double staining, biotin-coupled capsule antibodies were generated. The unlabeled monoclonal antibody was incubated for 2 h at room temperature in a 1:1 mixture of 2 mg of antibody/ml and 50 mg of Biotin (Long Arm) N-hydroxysuccinimide (Vector Laboratories)/ ml. The biotinylated antibody was then dialyzed in 2 liters of phosphate-buffered saline (PBS) overnight at 4°C with stirring by using a 10,000-kDa-molecular mass cutoff 0.1-to 0.5-ml sample volume dialysis cassette (Slide-A-Lyzer; Pierce, Rockford, Ill.) according to the manufacturer's instructions. Biotinylation of antibodies was then confirmed by enzyme-linked immunosorbent assay and immunofluorescence staining.
Thick sections (7 m) were obtained from eight frozen skin biopsy samples (see above) and immunostained by modification of the method described by Richter-Dahlfors et al. (41) . Following initial permeabilization with 0.5% saponin, the sections were briefly fixed with fixing buffer (0.2% glucose and 2% formaldehyde in PBS) and then blocked with 10% FCS-PBS for 30 min. Autofluorescence was quenched with incubation in 0.1% sodium borohydride- . Fluorescence was preserved using a commercial mounting medium (Prolong Antifade kit; Molecular Probes). Sections were then viewed by using Leica TCS-NT and Zeiss LSM 510 confocal laser scanning compound microscopes (63ϫ lens objective) with settings to optimize resolution. Optical sections were taken at 1-m intervals.
RESULTS
Thrombosis and inflammation in the skin of children with purpura fulminans. Histological review of biopsy samples taken from the edges of characteristic purpuric skin lesions revealed that, in all cases, the general tissue structure was well preserved. In all the biopsy samples, there was evidence of thrombosis and, frequently, a perivascular inflammatory cell infiltrate ( Fig. 1A and B) . Immunoperoxidase staining revealed that this infiltrate consisted of neutrophils (neutrophil elastase positive) and monocytes/macrophages (CD68 positive) ( Fig.  2A and B) . The endothelia of small blood vessels throughout the tissue stained positive for CD31 (Fig. 2C and D) . Transmission electron microscopy has been previously used to show that, while occasional vessels with or without thrombosis showed endothelial loss with characteristic lack of organelles, this was not widespread (14) . N. meningitidis in the skin lesions of patients with purpura fulminans. Modified Gram staining has previously revealed microcolonies of meningococci in 23 of 25 biopsy samples that we have surveyed (unpublished results). In the five biopsy specimens analyzed in this study by Gram staining and immunoperoxidase, we observed from 20 to over 100 clearly visible gram-negative diplococci in each section, usually as microcolonies (Fig. 1 ). These were localized to leukocytes, small blood vessels, and the dermal interstitium. There was no relationship between the severity of the clinical disease (as measured by Glasgow Meningococcal Prognostic Score) or the histological changes and the number of meningococci identified.
Evaluation of antimeningococcal antibodies in vitro. By using the five invasive meningococcal isolates associated with the five formalin-fixed paraffin-embedded biopsy samples, assess-FIG. 2. Immunohistochemical staining of inflammatory cells and the vascular endothelium in skin biopsy samples from patients with meningococcal disease. The inflammatory infiltrate consisted of a mixture of CD68-positive macrophages (A) (magnification, ϫ400) and neutrophil elastase-positive polymorphonuclear cells (B) (magnification, ϫ400). Multiple CD31-positive blood vessels were seen throughout the biopsy samples (C and D) (magnification, ϫ400 and 600, respectively). Arrows indicate positive immunoperoxidase staining (brown) with the appropriate specific mouse monoclonal antibody (nuclei were counterstained with hematoxylin). ment of mouse monoclonal antibodies to N. meningitidis capsule, pilin, and PorA revealed strong immunofluorescence staining of immobilized meningococci and clear immunoperoxidase staining of the strains in the Chang cell adherence model (results not shown). PorA staining was serosubtype specific with no observed cross-reactivity. Reactivity to pilin (a single band) and capsule (a broad smear [15] ) was observed by Western blot analysis (results not shown). PorA was not detectable by Western blot analysis with the anti-PorA monoclonal antibody, suggesting that the antibody binds to an epitope denatured during processing (48) .
In vivo expression of capsule, pilin, and PorA in different microenvironments within the skin. The presence of invading meningococci in the biopsy samples shown in Fig. 1 was confirmed with serogroup-specific anticapsular, serosubtype-specific anti-PorA and antipilin antibodies (Fig. 3) . Immunostain- FIG. 3 . Immunohistochemical staining of N. meningitidis in skin biopsy samples from patients with meningococcal disease. These examples show capsulated serogroup B visualized in the blood vessel (A) (magnification, ϫ1,000), inflammatory cells (B) (magnification, ϫ600), and the interstitium (C) (magnification, ϫ1,000). PorA stained bacteria in the interstitium and blood vessel (D), and pilin stained meningococci in a small blood vessel (E) (magnification, ϫ600). A negative control is also shown (F) (magnification, ϫ400). V, blood vessel. Arrows indicate immunoperoxidase-positive staining of meningococci (brown) with the appropriate specific mouse monoclonal antimeningococcal antibody (nuclei were counterstained in hematoxylin).
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on September 22, 2017 by guest http://iai.asm.org/ ing revealed that expression of the capsule and type IV pilin by meningococci was not restricted to any particular location and that meningococci positive for these antigens could be found associated with leukocytes and blood vessels and deep within the dermal interstitium (Fig. 3) . Semiquantitative analysis of all five biopsy specimens failed to demonstrate any relationship between microenvironment and expression (Table 1) . Further optimizing and antigen retrieval studies to overcome any epitope masking that had resulted from formalin fixation did not elicit additional antigen expression. Double-labeling studies using horseradish peroxidase and diaminobenzidine labeling of meningococcal capsule and alkaline phosphatase and Fast Red labeling of pilin did not show variation in the coexpression of these antigens (results not shown). Detection of antigen expression, antigen variation, and antigen coexpression by confocal microscopy. Conventional immunostaining of formalin-fixed material did not exclude the possibility that there is phase variation of meningococcal capsule, PorA, or pilin expression within these biopsy samples. To address this and to explore the possibility that capsule may limit the accessibility of other surface epitopes, we performed double staining of resident meningococci (two specific antibodies) in thick sections of frozen biopsy material. These confocal laser scanning studies revealed microcolonies of meningococci expressing PorA, capsule, and pilin as observed before (Fig. 4) . By using Alexa Fluor 488 (green fluorescence)-and Alexa Fluor 594 (red fluorescence)-labeled antibodies, numerous microcolonies containing diplococci of N. meningitidis double stained with anticapsule and antipilin antibodies throughout. However, in addition, in a minority of microcolonies, there was evidence of considerable variation in both capsule and pilin staining ( Fig. 4C and D) . This occurred both within and between microcolonies in the same section. Compared with these other antigens, PorA staining showed much less variation. The use of thick sections and the autofluorescence of the biopsy material rendered a more detailed comparative analysis of the meningococcal microcolonies within each biopsy unfeasible.
DISCUSSION
In this study, we have characterized the pattern of meningococcal surface antigen expression in different cellular microenvironments in vivo. Extending observations made over 20 years ago (23, 47) , we have demonstrated that the meningococci that reach the skin invade the deep tissues to form microcolonies that express capsule, PorA, and pilin. These meningococci were frequently in association with an intact endothelium and a cellular infiltrate consisting of neutrophils and monocytes/macrophages.
The vascular endothelium is a key target for the host inflammatory response to meningococcal infection, and the ensuing endothelial damage underlies many of the clinical manifestations associated with this condition (5, 19) . The importance of bacterial structure as a determinant of endothelial attachment and invasion and the subsequent cellular dysfunction has been extensively investigated in laboratory models (2, 11, 22, 26, 32, 33, (55) (56) (57) . Using isogenic mutants which possess a mutation in the polysialyltransferase gene siaD, we have shown that variation in capsule expression modulates bacterial adhesion to host cells, the magnitude of endothelial cell injury, the regulation of tissue factor, and several other important endothelial adhesion molecules (11, 22, 26) . The capsule and indeed the majority of the meningococcal surface structures known to modulate interactions with the host have been shown to be phase variable (9, 10, 35, 44, 52, 62) . This variation may be rapid (7), rendering analysis of these antigens based on subcultured isolates derived from patients problematic. In order to gain clearer insight into human disease, we have used specific monoclonal antibodies to localize capsule, PorA, and type IV pilin expression in skin biopsy material from children with severe meningococcal sepsis. Immunohistochemistry of the biopsy samples revealed that expression of these antigens was not restricted to any particular microenvironment and that a similar phenotype could be found to be associated with neutrophils, monocytes/ macrophages, blood vessels, and the dermal interstitium. These findings suggest that concerted modulation of these antigens may not be critical for the establishment of meningococci in these different environments.
Confocal laser scanning studies confirmed that these microcolonies of meningococci in the skin frequently coexpress capsule and pilin. This supports the possibility that the selection of particular nonencapsulated or nonpiliated phenotypes is not common in these environments. However, there was some variation of these key surface components and positive staining for pilin does not necessarily indicate an intact functioning pilus since some variants may make pilin which does not lead to the assembly of pili (49) . Although it is possible that variation in staining observed by confocal microscopy resulted from differences in the accessibility of the antigens to the antibodies used rather than from phase variation, this is unlikely, as the monoclonal antibodies used have appeared robust in a variety of systems, staining intracellular as well as extracellular organisms in our tissue culture model (results not shown). The emergence of variants as a minority population during meningococcal invasive disease may be an important adaptation to an inhospitable host environment (44) . Based on the present paradigm of meningococcus-host cell interactions, such variations may enable the organism to further disseminate, accelerating the tissue damage and organ failure commonly associated with the disease.
It has been previously reported that severe meningococcal sepsis is associated with a marked dysfunction of the microvasculature in the skin (14) . A striking reduction in the expression of two key molecules implicated in the regulation of thrombosis, thrombomodulin and the endothelial protein C receptor was observed. Ultrastructural studies demonstrated that this reduction is not explained simply by the loss of endothelial cells. Although these endothelial changes may be due to the indirect effects of the inflammatory mediators released in response to meningococcal sepsis, we suggest that the direct effects of adhesive meningococci may also be important (11, 22, 26) . The data presented here show capsule expression in multiple environments within the skin, which implies that the complete absence of capsule is not necessary for these interactions to occur. However, small decreases in capsule expression or structure would not have been detected by the available methodology and cannot be ruled out. Two major mechanisms of capsule phase variation are known to take place within meningococci. Site-specific insertion and precise excision of the mobile genetic element IS1301 occurs within the siaA gene of N. meningitidis serogroups expressing a capsule made of polysialic acids (not serogroup A meningococci) (17) . The IS1301 insertion has been shown to mediate loss of encapsulation, which resulted in both stronger adherence and increased entry of meningococci into epithelial cells. Frequent phase variation of serogroup B meningococcal capsular polysaccharide also occurs by a reversible ϩ1/Ϫ1 frameshift mutation within a poly(dC) repeat, which alters the reading frame of the siaD gene (18) . Both of these mechanisms result in the complete loss of capsule expression. In preliminary experiments, DNA has been extracted from frozen skin biopsy samples, followed by amplification, cloning, and sequencing of the poly(dC) repeat region of the siaD gene. Three sequences have been obtained from a single biopsy sample (unpublished results): a poly(dC) 6 repeat and a poly(dC) 8 repeat which would result in frameshifts that would inactivate the siaD gene, suggesting that there are unencapsulated organisms present within the biopsy sample, and a poly(dC) 6 repeat which suggests that, provided siaD is expressed, there are also encapsulated organisms (18) . Despite the recent success of the serogroup C polysaccharide conjugate vaccine (39) , an effective serogroup B vaccine remains elusive; however, several serogroup B vaccines based on subcapsular surface antigens are presently under investigation. It has been suggested that stable expression of candidate vaccine antigens is a prerequisite for a vaccine to be effective (53) , and there is some evidence that the presence of capsule may reduce the availability of membrane antigens to immunological detection and therefore limit complement-mediated bacteriolysis (31) . The double-staining confocal laser scanning microscopy suggests that surface components such as pilin and PorA are available for targeting by host immune defenses either because they project beyond the capsule or because of the open nature of the capsule. We have additional data to suggest that a wider range of surface antigens can be detected by this approach (unpublished results). Comparison of the expression of meningococcal epitopes in situ with those expressed by meningococci derived from blood culture represents a novel approach to the analysis of the wide array of candidate vaccine antigens that has emerged from the sequencing of the meningococcal genome (50) .
In summary, we have demonstrated the expression of three key meningococcal virulence factors in the skin lesions of individuals with purpura fulminans in a range of different cellular environments. Although it could be argued that observations made in the skin might not fully reflect events taking place in the circulation and other target tissues, it is likely that similar environments are encountered elsewhere. We speculate that, although not widespread, small but biologically relevant changes in the expression and antigenicity of these molecules may be important in the regulation of host-pathogen interactions, particularly in small subpopulations. The strategy that we have employed will be helpful in investigating invasive bacterial diseases where antigenic and phase variation has a significant impact on virulence and vaccine design.
